1.. Introduction
================

Current Li-ion batteries (LIBs) are widely used for portable electronics, electric vehicles, and stationary grid-energy storage devices.[@cit1],[@cit2] The salt in LIBs plays a critical role in battery performance, being the primary source of free conducting lithium ions, and also mediates the formation of a solid electrolyte interface (SEI) at the electrodes. To date, LiPF~6~ has been the most commonly used salt for commercial LIBs due to its optimum combination of ionic conductivity, electrochemical window, and electrode interfacial properties.[@cit3] However, the large-scale application of LiPF~6~ has raised safety concerns due to its poor chemical and thermal stability in lithium ion batteries, especially for the promising lithium metal batteries.[@cit2] LiBF~4~ (shown in [Scheme 1](#sch1){ref-type="fig"}) is well known for its superior thermal stability, non-corrosivity to the Al current collector, and improved low temperature performance arising from reduced charge-transfer resistance.[@cit4],[@cit5] However, it is rarely used as a baseline salt in lithium ion batteries because of the unsatisfactory ionic conductivity resulting from the low dissociation degree arising from strong coulombic interactions between the anion and the lithium ion.[@cit6]

![Structures of LiBF~4~ and LiTFPFB.](c8sc00041g-s1){#sch1}

The introduction of a bulky electron-withdrawing group into the anion has been considered as one of the most promising strategies for improving the ionic conductivity of the lithium salt due to its weak coulombic interactions.[@cit7],[@cit8] For example, Ue and coworkers prepared lithium pentafluoroethyltrifluoroborate (LiFAB) by substituting one F^--^ in LiBF~4~ by a bulky fluoric group.[@cit9] The ionic conductivity of 1.0 M LiFAB in EC/EMC (30 : 70 vol%) reaches 8.0 × 10^--4^ S cm^--1^ at room temperature, which is twofold higher than that of LiBF~4~ (3.6 × 10^--4^ S cm^--1^). However, LiFAB displays worse oxidation stability than LiBF~4~ and deteriorated battery performance at elevated temperature (higher than 60 °C). Alternatively, Zhang synthesized lithium difluoro(oxalate)borate (LiDFOB) by using one oxalate anion to substitute two F^--^ in LiBF~4~.[@cit10] The ionic conductivity is enhanced and simultaneously a stable SEI is formed on the graphite anode. However, LiDFOB is less thermally stable than LiBF~4~.[@cit10]

On the other hand, the fluoroalkoxyl functional group, usually existing in fluoric carbonate solvent, can decompose and *in situ* form an elastomeric polymeric matrix SEI on graphite,[@cit11] lithium silicon alloys,[@cit12] and Li metal surfaces.[@cit13] The as-formed SEI can effectively suppress Li dendrite growth and inhibit further decomposition of the electrolyte,[@cit11] making the fluoroalkoxyl functional group very attractive for next generation high energy lithium metal batteries. It is also noted that the introduction of the fluoroalkoxyl group into a lithium or/and magnesium salt anion can significantly improve the oxidation stability of the salt, as observed in Long\'s[@cit14] and our previous studies.[@cit15] However, to the best of our knowledge, there are relatively few studies devoted to the introduction of the electron-withdrawing fluoroalkoxyl group into the lithium salt anion to protect the lithium metal anode.

Herein, we for the first time intend to introduce a bulky fluoroalkoxyl functional group to substitute one F^--^ in LiBF~4~ inspired by the aforementioned advantages of the fluoroalkoxyl group in ionic conductivity and oxidation stability improvement as well as its function in lithium metal protection. As a result, a novel lithium salt, namely the trifluoro(perfluoro-*tert*-butyloxyl)borate (LiTFPFB) salt (shown in [Scheme 1](#sch1){ref-type="fig"}), has been synthesized by a one-step reaction. The effective species of the salt have been analyzed by high resolution mass spectrometry (HR-MS), and ^7^Li, ^11^B and ^19^F NMR. The stability of the LiTFPFB salt to the Al current collector as well as the ionic conductivities has been studied. Moreover, the elevated temperature (60 °C) battery performance of LiFePO~4~/Li cells and high-voltage performance of LiCoO~2~/Li cells have also been studied to investigate the feasibility of the salt in high energy lithium metal batteries. Finally, the morphologies and compositions of the cycled Li metal were investigated by SEM imaging and XPS methods to elucidate the compatibility between the LiTFPFB based electrolyte and the lithium metal anode.

2.. Results and discussion
==========================

2.1.. DFT computations
----------------------

To screen a suitable lithium salt with both high oxidation stability and high dissociation degree, DFT calculation was conducted at the B3LYP/6-31G(p,d)\* level with respect to different anion substituted lithium borates, *i.e.* LiDFOB, Li\[R~F~OBF~3~\] (R~F~ = fluoroalkyl) and LiBF~4~. Two kinds of fluoroalkoxyl substituted lithium borates, Li\[(CF~3~)~2~CHOBF~3~\] and Li\[(CF~3~)~3~COBF~3~\] (LiTFPFB), were designed, and the energy (in eV) of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) as well as dissociation energy were calculated compared to traditional LiBF~4~ and LiDFOB (shown in [Table 1](#tab1){ref-type="table"}). It is possible to estimate the oxidative stability of the molecule from the calculated HOMO energies, as the oxidation reaction involves an electron loss from its HOMO energy level.[@cit16] The values listed here were calculated for the structure optimized species. As predicted, the lower the HOMO energy level is, the greater is the expected stability against oxidation. Of the four anions, TFPFB^--^ exhibits the best oxidation stability with the lowest HOMO of --4.64 eV, while BF~4~^--^ shows the second best value of --4.53 eV, making them much more stable than DFOB^--^ (--3.60 eV). With respect to the dissociation energy, the LiTFPFB salt possesses the lowest value of 251.5 kJ mol^--1^, which is only one-half that of the other three, and thus is highly expected to have an improved ionic conductivity. Based on the calculation results, LiTFPFB with excellent oxidation stability and the lowest dissociation energy was picked out as the optimal lithium salt for further investigation.

###### Summary of the HOMO and LUMO energy levels and dissociation energies of four lithium salts

  ----------------------------------- ------------------------------- ------------------------------- ------------------------------- -------------------------------
  Lithium salts                       LiBF~4~                         LiDFOB                          LiTFPFB                         Li\[(CF~3~)~2~CHOBF~3~\]
  Anion structures                    ![](c8sc00041g-u1.jpg){#ugr1}   ![](c8sc00041g-u2.jpg){#ugr2}   ![](c8sc00041g-u3.jpg){#ugr3}   ![](c8sc00041g-u4.jpg){#ugr4}
  HOMO (eV)                           --4.53                          --3.60                          --4.64                          --4.19
  LUMO (eV)                           4.39                            2.16                            3.11                            3.21
  Δ*E* (eV)                           8.92                            5.76                            7.75                            7.40
  Dissociation energy (kJ mol^--1^)   595.8                           493.5                           251.5                           544.7
  ----------------------------------- ------------------------------- ------------------------------- ------------------------------- -------------------------------

2.2.. Synthesis and characterization of LiTFPFB
-----------------------------------------------

The LiTFPFB salt was obtained by a one-step reaction of lithium perfluoro-*tert*-butoxide (Li\[(CF~3~)~3~CO\]) with (C~2~H~5~)~2~O·BF~3~ in THF (see Scheme S1 in the ESI[†](#fn1){ref-type="fn"}). The successful preparation of LiTFPFB is confirmed using ^7^Li, ^11^B, and ^19^F NMR and HR-MS spectra ([Fig. 1](#fig1){ref-type="fig"} and S1 and S2[†](#fn1){ref-type="fn"}). In the ^11^B spectrum, the characteristic peaks at --0.92 ppm are ascribed to the --O--BF~3~ group. Remarkable differences between the ^19^F NMR spectra of the reactant Li\[(CF~3~)~3~CO\] (one peak at --75.13 ppm) and the product LiTFPFB (two peaks at --71.92 and --144.71 ppm) are also well observed. Besides, HR-MS presents further convincing data on the structure in the mass spectrum of LiTFPFB. The peaks at *m*/*z* 234.9810 and 302.9860 are assigned to \[(CF~3~)~3~CO\]^--^ and TFPFB^--^, respectively, and the peak at *m*/*z* 234.9810 might have resulted from the fragment ions of TFPFB^--^ in the mass spectrometer. The disappearance of the Li\[(CF~3~)~3~CO\] species signal in the ^19^F NMR spectra ([Fig. 1b](#fig1){ref-type="fig"}) confirms the total conversion of reactants. Therefore, it is concluded that LiTFPFB is successfully synthesized in this study.

![(a) ^11^B NMR spectrum of LiTFPFB in deuterated dimethyl sulfoxide (DMSO-d~6~). (b) ^19^F NMR spectra of Li\[(CF~3~)~3~CO\] and LiTFPFB in DMSO-d~6~. (c) ^7^Li NMR spectrum of LiTFPFB in DMSO-d~6~. (d) HR-MS spectrum of TFPFB^--^.](c8sc00041g-f1){#fig1}

2.3.. Ionic conductivity and electrochemical properties
-------------------------------------------------------

[Fig. 2](#fig2){ref-type="fig"} compares the temperature dependent ionic conductivity of the LiTFPFB salt and LiBF~4~ in PC solvent. Both the electrolytes show a typical Arrhenius-type correlation from 25 to 80 °C. The ionic conductivities of 1.0 M LiTFPFB/PC were 5.4 × 10^--4^ S cm^--1^ at 25 °C and 1.1 × 10^--3^ S cm^--1^ at 80 °C, respectively. The activation energy was calculated to be 11.17 kJ mol^--1^, which is lower than that of LiBF~4~ (12.64 kJ mol^--1^). In the whole temperature range, the ionic conductivity of the LiTFPFB based electrolyte is about three times higher than that of LiBF~4~. This result confirms that the bulky anion TFPFB^--^ is beneficial for the delocalization of the lithium salt, which can lower the dissociation energy and thus enhance the ionic conductivity.[@cit17] These findings are well in accordance with the DFT results ([Table 1](#tab1){ref-type="table"}). As a result of the low mobility of the larger anion size, the lithium-ion transference number can attain a value of 0.48 (shown in Fig. S3[†](#fn1){ref-type="fn"}), which is superior to that of the classical LiBF~4~ salt (*t*~Li^+^~ = 0.30).[@cit18]

![Arrhenius plots of the ionic conductivity of 1.0 M LiBF~4~ and 1.0 M LiTFPFB in PC solvent.](c8sc00041g-f2){#fig2}

The compatibility of LiTFPFB with the Al current collector was characterized by cyclic voltammetry compared with LiBF~4~. As a reference, the fluoroalkyl-containing salt lithium bis(trifluoromethane-sulphonyl)imide (LiTFSI) in PC solvent was also evaluated ([Fig. 3a](#fig3){ref-type="fig"}). For the LiTFSI based electrolyte, the current increases markedly when the applied potential exceeds 4.5 V *vs.* Li^+^/Li and persists during the negative sweep down to 3.7 V. Hysteresis in the cyclic voltammogram is an indicator of Al corrosion, which is consistent with the result obtained by Evans *et al.*[@cit19] The low corrosion potential of Al at around 3.7 V may be due to the strong interaction between TFSI^--^ and the cation in the passivation film of Al, which may lead to higher solubility of the passivation species. In sharp contrast, the corresponding current responses of LiBF~4~ and LiTFPFB electrolytes are much smaller than that of LiTFSI. Furthermore, the cathodic current of the LiTFPFB based electrolyte is smaller than that of LiBF~4~, as shown in the inset of [Fig. 3a](#fig3){ref-type="fig"}. These results indicate that LiTFPFB possesses the best compatibility with the Al current collector among the three measured salts. Moreover, chronoamperometry was further used to evaluate the compatibility of LiBF~4~ and LiTFPFB with Al ([Fig. 3b](#fig3){ref-type="fig"} and S4[†](#fn1){ref-type="fn"}).[@cit20],[@cit21] As depicted in [Fig. 3b](#fig3){ref-type="fig"}, the initial rapid decrease of the anodic current on a fresh Al surface indicates instant formation of the passivation layer.[@cit22] The LiTFPFB based cell shows no sign of corrosion until the potential reaches *ca.* 4.5 V, which is consistent with the CV results described above, indicating enhanced Al current collector stability up to 4.5 V *versus* Li^+^/Li.[@cit21] In addition, the corrosion current collected at *t* = 10^3^ s *vs.* the applied potential is plotted in the inset of [Fig. 3b](#fig3){ref-type="fig"}. It is noted that the LiTFPFB based electrolyte shows lower current density than that of LiBF~4~ even above 4.5 V. These results indicate that the LiTFPFB based electrolyte is more compatible with the Al current collector than that of LiBF~4~.

![(a) Cyclic voltammogram curves of 1.0 M LiTFSI/PC, 1.0 M LiBF~4~/PC, and 1.0 M LiTFPFB/PC at a scan rate of 5 mV s^--1^ using Al as the working electrode and lithium foil as both the counter and reference electrodes. (b) Time-decaying current density of LiTFPFB based cells obtained on an Al electrode at varied potentials *vs.* Li^+^/Li (the inset shows the collected current value at 10^3^ s *vs.* voltage). (c) Linear sweep voltammetry scans of 1.0 M LiBF~4~/PC and 1.0 M LiTFPFB/PC on a Pt working electrode at a scan rate of 5 mV s^--1^ using lithium foil as both the counter and reference electrodes.](c8sc00041g-f3){#fig3}

The oxidation behaviors of both electrolytes were investigated by linear sweep voltammetry (LSV) using Pt as the working electrode. As shown in [Fig. 3c](#fig3){ref-type="fig"}, the anodic current of the LiBF~4~ based electrolyte is very low below 4.5 V (*vs.* Li^+^/Li) and then increases distinctly when the voltage exceeds 4.6 V corresponding to the known electrolyte decomposition.[@cit23] For the LiTFPFB based electrolyte, the initial oxidation potential is observed at 4.5 V, followed by a slight increase. All these observations above verify that the oxidation decomposition of the electrolyte can be effectively suppressed and the Al current collector can be well passivated with LiTFPFB, which is well in agreement with the calculation result ([Table 1](#tab1){ref-type="table"}).

2.4.. Performance of lithium metal batteries (LMBs)
---------------------------------------------------

Polarization tests of the Li/Li symmetric cells with 1.0 M LiBF~4~/PC and 1.0 M LiTFPFB/PC based electrolytes were performed to investigate the interfacial stability of the Li/electrolyte interface. The Li/Li symmetric cells of both electrolytes were charged/discharged for 1 h during each process at a constant current density of 0.5 mA cm^--2^ ([Fig. 4a](#fig4){ref-type="fig"}). The cell with the LiBF~4~ based electrolyte shows random voltage oscillations after 300 hours and a large and irreversible voltage drop at around 480 hours, which is attributed to cell failure by a dendrite-induced short circuit.[@cit24],[@cit25] The short circuit could be verified by EIS measurements after the charge/discharge process, which show a small impedance of 3.0 Ω (Fig. S5[†](#fn1){ref-type="fn"}). In contrast, the plating/stripping of lithium occurred at a low overpotential below 0.1 V until 500 hours for the LiTFPFB based cells, indicating that LiTFPFB plays a positive role in stabilizing the Li/electrolyte interface and ensures a long cycle life because it can form a favorable protective film (further discussed in the next paragraph). In addition, the LiTFPFB based Li/Li symmetric cell also performs better than the LiPF~6~ based one (see Fig. S6[†](#fn1){ref-type="fn"}). Furthermore, the compatibility between Li metal and the electrolyte can also be verified in Li/Li cells with an EIS spectrum. After 45 days, the interface resistance of the LiTFPFB based cell remains stable, while it still increases remarkably for the LiBF~4~ based cell (Fig. S7[†](#fn1){ref-type="fn"}). It can be seen from Fig. S7a and c[†](#fn1){ref-type="fn"} that the interface resistance of LiTFPFB electrolyte varies from 95 Ω to 113 Ω; however, the interface resistance of LiBF~4~ (Fig. S7b and c[†](#fn1){ref-type="fn"}) is much larger than that of LiTFPFB (from 178 Ω to 377 Ω). The better interfacial stability of LiTFPFB mainly arises from the formation of a stable interface between the electrolyte and the Li anode, which prevents further corrosion of Li metal.

![(a) Lithium plating/stripping of LiBF~4~ and LiTFPFB based Li/Li symmetric cells at a current density of 0.5 mA cm^--2^. (b) Cycling performance of LiBF~4~ and LiTFPFB based LiFePO~4~/Li cells at a current rate of 1C (160 mA g^--1^) at room temperature. (c) Electrochemical impedance spectra of LiBF~4~ and LiTFPFB based LiFePO~4~/Li cells after 1, 50, 100, and 200 cycles at 1C. (d) The fitted *R*~SEI~ results of the EIS spectra of LiBF~4~ and LiTFPFB based LiFePO~4~/Li cells.](c8sc00041g-f4){#fig4}

Moreover, coin-type Cu/Li cells were also used to investigate the cycling stability of Li plating/stripping. As shown in Fig. S8,[†](#fn1){ref-type="fn"} the coulombic efficiency of the LiTFPFB based cell is 80.6% after 50 cycles, which is higher than that of the LiBF~4~ based one (60.3%), indicating improved stability of the LiTFPFB based electrolyte.

To explore the feasibility of lithium metal batteries with the LiTFPFB based electrolyte, long-term cycling measurements of LiFePO~4~/Li cells using both electrolytes were carried out at room temperature. As shown in [Fig. 4b](#fig4){ref-type="fig"}, the initial discharge capacities of the cells using LiBF~4~ and LiTFPFB at a current rate of 0.2C are 151.4 and 151.9 mA h g^--1^, respectively. The corresponding coulombic efficiencies of the two cells are 98.1 and 97.3%, respectively. These relatively low coulombic efficiencies are apparently due to the significant decomposition of the electrolyte and SEI formation.[@cit22] After the first three cycles for SEI formation, the cells were cycled at a high current rate of 1C (160 mA g^--1^). As shown in [Fig. 4b](#fig4){ref-type="fig"}, after 200 cycles, the LiTFPFB based cell retains nearly 99.3% of its fourth cycle discharge capacity with a smaller overpotential of 0.1 V (Fig. S9a[†](#fn1){ref-type="fn"}), while the capacity retention of the LiBF~4~ based cell is 83.1% with a higher overpotential of 0.12 V (Fig. S9b[†](#fn1){ref-type="fn"}). Furthermore, an improved rate performance is also observed using 1.0 M LiTFPFB/PC electrolyte at room temperature (Fig. S10[†](#fn1){ref-type="fn"}). To better understand the excellent cell performance, the impedance spectra of the two cells were monitored during cycling and are shown in [Fig. 4c and d](#fig4){ref-type="fig"}. In general, the high-frequency intercept is attributed to the bulk resistance (*R*~b~), and the two medium-frequency semicircles are associated with the interface resistance (*R*~SEI~) and charge transfer resistance (*R*~ct~), respectively. The equivalent circuit curve is shown in Fig. S11[†](#fn1){ref-type="fn"} and the values of the fitted impedance parameters are listed in Table S1.[†](#fn1){ref-type="fn"} Both the *R*~b~ values of the LiTFPFB and LiBF~4~ based cells remain relatively stable after 1, 50, 100, and 200 cycles ([Fig. 4c](#fig4){ref-type="fig"}). The *R*~SEI~ of the LiTFPFB based cell is about 3.0 Ω after one cycle, and then increases to 3.4, 6.5, and 8.5 Ω, after 50, 100, and 200 cycles, respectively ([Fig. 4d](#fig4){ref-type="fig"}). As a comparison, the *R*~SEI~ of the LiBF~4~ based cell is about 13.1 Ω after one cycle, and dramatically increases to 26.0, 31.8, and 41.8 Ω after 50, 100, and 200 cycles, respectively ([Fig. 4d](#fig4){ref-type="fig"}). The large initial and dramatic increase of *R*~SEI~ with cycling for the LiBF~4~ based cell is because the lithium metal anode is continuously consumed by the electrolyte and a thick SEI layer is formed.[@cit27]

The LiFePO~4~/Li cells with LiBF~4~ and LiTFPFB were also cycled at elevated temperature (60 °C), respectively. After three SEI formation cycles at 1C, the cells were cycled at a high current rate of 5C. As depicted in [Fig. 5a](#fig5){ref-type="fig"}, the LiTFPFB based battery delivers a superior cycling performance compared to that of the LiBF~4~ based cell. After 150 cycles, the former retains 98.3% of the fourth cycle discharge capacity, while the capacity retention of the latter is only 62.5%. It is worth noting that the LiFePO~4~/Li cell also operates well with the LiTFPFB based electrolyte compared with the LiBF~4~ based one at --5 °C (Fig. S12[†](#fn1){ref-type="fn"}). The rate performances of the LiBF~4~ and LiTFPFB based electrolytes were measured at different rates from 0.2C to 10C at 60 °C. As shown in [Fig. 5b](#fig5){ref-type="fig"}, the LiTFPFB based cell shows better rate capability than that of LiBF~4~ when the rate is varied from 0.2C to 10C. It is indicated that the former delivers a high reversible capacity of 145.8 mA h g^--1^ at 10C, while the corresponding capacity of the latter is only 116.5 mA h g^--1^. Furthermore, the selected charge/discharge curves of a LiTFPFB based LiFePO~4~/Li cell at 1C, 6C and 10C are plotted in the inset of [Fig. 5b](#fig5){ref-type="fig"}, demonstrating clear potential plateaus with a small overpotential, which indicates a highly reversible cycling process. The outstanding cycle and rate performance of the LiTFPFB based cells are closely related to the high ionic conductivity and the as-formed protective film on the Li metal anode, which can suppress further decomposition of the electrolyte. To evaluate the morphologies of the Li anodes after long-term cycling, the LiFePO~4~/Li batteries after 150 cycles were disassembled inside a glovebox with an Ar atmosphere and the obtained electrodes were washed with anhydrous DMC, dried and further analyzed by field emission scanning electron microscopy (FE-SEM). As shown in [Fig. 5c--f](#fig5){ref-type="fig"}, the Li surfaces of the LiBF~4~ and LiTFPFB based cells exhibit entirely different morphologies. It is noted that, for the LiBF~4~ based LiFePO~4~/Li cell after 150 cycles at 60 °C, the cycled Li metal exhibits dendritic features with a pulverized and porous morphology ([Fig. 5c and d](#fig5){ref-type="fig"}). A large amount of bulk Li was consumed during cycling due to the repeated breakage/repair of the SEI.[@cit26] In addition, a pulverized layer is also observed on the newly formed Li dendrite ([Fig. 5d](#fig5){ref-type="fig"}). In contrast, the cycled Li metal in the LiTFPFB based cell shows smooth features and absence of Li dendrites ([Fig. 5f](#fig5){ref-type="fig"}), although the surface looks rimous ([Fig. 5e](#fig5){ref-type="fig"}). These results indicate that the protective film on the Li anode can effectively suppress the parasitic reactions on the surface of the Li anode, thus improving the battery performance.

![(a) Cycling performance of 1.0 M LiBF~4~/PC and 1.0 M LiTFPFB/PC based LiFePO~4~/Li cells at a current rate of 5C at 60 °C. (b) Rate performance of LiBF~4~ and LiTFPFB based LiFePO~4~/Li cells at 60 °C; the inset shows the selected charge/discharge profiles using LiTFPFB. (c and d) FE-SEM images of the surface of the Li electrode cycled with LiBF~4~. (e and f) FE-SEM images of the surface of the Li electrode cycled with LiTFPFB.](c8sc00041g-f5){#fig5}

In order to investigate the composition of the protective film, the surface chemistry of the cycled Li anodes was surveyed using X-ray photoelectron spectroscopy (XPS). [Fig. 6](#fig6){ref-type="fig"} shows the XPS spectra of B 1s, C 1s, O 1s, and F 1s for the cycled Li anodes with 1.0 M LiBF~4~ and 1.0 M LiTFPFB in PC, respectively. As shown in [Fig. 6a](#fig6){ref-type="fig"}, the XPS spectrum of B 1s for the LiBF~4~ based cell can be deconvoluted into two peaks at 192 and 194 eV, which can be assigned to B--O (reaction product of LiBF~4~ with ROCO~2~Li) and B--F species.[@cit23],[@cit27] In contrast, only B--O species can be observed in the LiTFPFB based cell, indicating the decomposition of TFPFB^--^ on the Li anode. [Fig. 6b](#fig6){ref-type="fig"} displays the C 1s spectra, and the three peaks centered at 284.8, 286.2, and 287.9 eV correspond to C--C, C--O, and C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O functional groups,[@cit27] respectively. The higher concentrations of C--O and C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O groups in the LiBF~4~ based cell can be attributed to PC solvent decomposition, while the higher concentration of C--C combined with lower C--O and C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O concentrations in the LiTFPFB based cells might be related to TFPFB^--^ decomposition,[@cit28] consistent with the O 1s spectra in [Fig. 6c](#fig6){ref-type="fig"}. These results indicate the decomposition of the TFPFB^--^ anion and the formation of a protective film on the Li anode, which can inhibit further decomposition of the electrolyte, coinciding with SEM imaging. Furthermore, as for the F 1s spectra ([Fig. 6d](#fig6){ref-type="fig"}), the three peaks located at 684.8, 685.6, and 686.8 eV for the LiTFPFB based cell can be assigned to LiF, C--F, and B--F compounds, respectively,[@cit23] which originate from the --CF~3~ ([@cit13]) and --BF~3~ groups in the TFPFB^--^ anion. Similarly, the LiF and B--F species in the LiBF~4~ based cell originate from the decomposition of LiBF~4~. In addition, comparing the Li anode after 1 and 100 cycles, the dramatic concentration increase of C species (from 8.9% to 45.0%) and sharp concentration decrease of F species (from 35.1% to 9.0%) may further verify the decomposition of the TFPFB^--^ anion (Fig. S13, Table S2[†](#fn1){ref-type="fn"}), in agreement with the mechanism proposed by Abraham *et al.*[@cit12] Based on the above results, it can be concluded that the decomposition of LiTFPFB can form a protective film containing a large number of C--C groups on the Li anode, which can effectively prevent further corrosion of Li metal.

![B 1s (a), C 1s (b), O 1s (c), and F 1s (d) XPS patterns of the cycled Li anode.](c8sc00041g-f6){#fig6}

For practical application in high energy lithium batteries, the LiTFPFB based electrolyte should also be compatible with the LiCoO~2~ electrode, since it is most commonly used as the standard cathode in state-of-the-art Li ion batteries. To demonstrate the compatibility of LiTFPFB with the LiCoO~2~ cathode, LiCoO~2~/Li cells were assembled and evaluated at a current rate of 1C between 2.75 and 4.35 V. [Fig. 7](#fig7){ref-type="fig"} shows the long-term cycling performance of the LiTFPFB and LiBF~4~ based cells. The initial discharge capacities of the LiTFPFB and LiBF~4~ based cells are 151.7 and 138 mA h g^--1^ at 0.2C, with the corresponding coulombic efficiencies of 99.6 and 99.2%, respectively. The former also exhibits a remarkably improved cycling performance compared to the latter at a current rate of 1C (140 mA g^--1^). The LiTFPFB based cell retains 91.1% of the fourth cycle discharge capacity after 500 cycles with a coulombic efficiency of 99.5%, while the capacity retention of the LiBF~4~ based cell is 89.2% with a coulombic efficiency of 99.3%. These results indicate that the LiTFPFB based electrolyte is more compatible with the LiCoO~2~ based cathode than the LiBF~4~ based one under a high voltage of 4.35 V, making LiTFPFB a promising candidate for practical application in high power and energy density rechargeable lithium batteries.

![Discharge capacities and coulombic efficiencies of the LiCoO~2~/Li cells using 1.0 M LiTFPFB/PC and 1.0 M LiBF~4~/PC at a current rate of 1C at room temperature.](c8sc00041g-f7){#fig7}

3.. Conclusions
===============

In summary, a novel lithium salt, LiTFPFB, has been prepared by a one-step Lewis acid--base reaction. The LiTFPFB salt with a bulky anion exhibits a *t*~Li^+^~ value as high as 0.48, superior oxidation potential, and non-corrosivity to an Al current collector up to 4.5 V. The ionic conductivity of the LiTFPFB/PC electrolyte is three times higher than that of the LiBF~4~/PC electrolyte over the whole temperature range. Crucially, the fluoroalkoxyl group in LiTFPFB enables the formation of a favorable protective film on the lithium anode, which effectively prevents further corrosion of Li metal with the electrolyte. Together with high ionic conductivity and lithium anode protection properties, LiFePO~4~/Li cells using LiTFPFB/PC electrolyte show superior cycling stability and rate performance compared to those of LiBF~4~/PC electrolyte at room temperature and elevated temperature (60 °C). More importantly, LiTFPFB based LiCoO~2~/Li cells also show improved cycling performance. All of these results suggest that LiTFPFB would be a promising salt for next generation lithium-metal-based batteries with improved safety and electrochemical performance.
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